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Absti act. We compare volume mixing ratio profiles of N,0,
CYC-11, CFC-12, CCly, S¥¢, and 1Clin tbe Mid- jatitnde
stratosphere measured by the ATMOS Fourier transform
spectiometer With in situ ™% surements acquired aboardthe
NASA lii<-2 aircraft during Nov 1994. Goodagreement is
found between ATMOS andin situ correlations of [CFC-1 1],
[( ’2( '-12], and [SFg} with [N,O]. ATMOS observations of
[CCly)are -1s% higher thao the ER-2 data, but within the
systematic uncertaintics. AT MOS measurements of [11C1] vs
[N,O}agrecto within -107. of the ER-2 data for[HCI}> |
ppbv, but exceed in sits observations for smaller [11(71].
ATMOS measurements of [C1JONO,] show remarkable
agicement with values infeired from io situ ©SCtyvations of
[CI0], [NO], and [03]. Thesumof {IC!] and [CIONO,]
obscived by ATM OS, supplemented by a minor contribution
from [CI0] estimated with a photochemical model, is
consistent with the levels of inorganic chlorine 1 ferred from
in Situ measurements of chlorine source gases.

Introduction

1 he ATMOS (Atmospher ic Trace MOlecule Spectroscopy)
Four ier transform spectrometer uses solar occultation
measurements t0 derive volume mixing ratio (VMR) profiles
of maore than 30 constituents in Earth's atmosphere. During
the A1 MOS /ATL. AS-3 (Atmospheric |.abol-story foi
Applications andScience) Space Shuttle missionof Nov
1994, twelve ATMOS occultations, occurring between 4 and 9
NOv 1994, wey ¢ near-coincident with the mid-latitude (30-51°
Njscgments of the 2 and4 Nov flights of the NASA ER-2
airerafy during AS HOL/MAESA (Airborne Southery
I Temisphere Ozone Expetiment / Measurements for Assessing
the F ffects of Stratospheric Aireraft). Chang et al. [1996]
discuss more folly the geographic coincidence of the
obscrvations, compare vertical profiles o f {N2O), and
demonsti atc good agreement for correlations of long-lived
tracers [03), [NOy), [1 10, and [C1 1] with [N2O] abserved from
the two platforms (throughout, [] denotes VMR). This paper
presents correlations of [CFC-1 1], [CFC-123, [CCLLL [SF),
and [} 1( *1] with [N,O] measured from ATMOS aod the ER-2,
and compares measurements of inorganic chlorine specics
with results of photochemical model simulations.

All comparisons in this stody arc prescnted as correlations
with the long-lived tracer N;Oto account for the dynamical
histories crf different ar masses. For the ER-2 flight scgments
considered bet-c, [N,0] mcasured by ATL.AS (Airborne Tunable

Laser Absorption Spectrometer) [L.ocwenstein ¢l al | 1989] arc
largely withinio. Of those observed by ACATS-1V (Airbome
Chromatograph for Atmospheiic ‘1 race Species) [Elkins cl al.,
1995]. 3ecause of the higher sampling rate, the AT 1.AS data
for [N;OJare used for all the ER-2 conelations prescited here.
Version 2 Al MOS data arc used throughout.

Halogen source Gases

ATMOS measures VMRs of CFC-11 (CClLF), CFC-12
(CCLL,F,), HCFC-22 (01( *112), CHRCland CCly, which
together constitute ~80% o f total tropospheric organic
chlorine [Zander et al., 1996]. The ACATS-1 v gas
chromatograph 00 the ER-2 measures CFC-1 1, (Y'(-12, CIC-
113 (C:CLE-CCIFY), CHy ¢ Cly, CCly, and Nalon- 121 |
(CBrClIF,), which likewise comprise ~80% of tropospheric
chlorine. Halogenated gases arc mcasured by ACATS .1V with
precisions and accuracics of belter than oo and = o
respectively, at intervals of 3 min, except S¥F¢, which is
meas yred every 6 min. ACATS-1V is calibrated on the ground
against the same standards used in the National Occanic and
Atmospheric Administration / Climate Monitoring and
Diagnostic laboratory network of tropospheric measuring
stations [Llkinset al., 1993], and is calibratedinflight by
running a sample of air with mixing ratios near stratospheric
levels every 4 ambient samples, o1 | S to 30 min.

Optical bandpassfilters, used to improve the signal-to-
noise ratio (SNR) of measured spectra, determine the set of
specics measured 10 each ATMOS occultation [Gunsonet a.,
1996]. All species examined inthis paper, exceptfort I(] and
N, O, arc detected using transitions below 1000 em™!, where
spectra from Filter 9 (625-2450 cm ') exhibit degraded SNR
compared with those from Filter 12 (625-1400 cm!'). 1 his
problem was paiticularly noticeable during the ATLAS-3
mission (dot to the instrumental gain settings) and adversely
impacts VMRs retrieved in Filter 9 using a single spectral
window below | 000 cmt.such as CFC-11, CEHC-12, CCly,
C 10N O,, aod SFKq. For these specics, only Filter 12
measurements arc consideredin the present paper. Gases
measured in Filter 9 based on fitting either features a higher
wavcenumbers or anensemble of spectral windows (e. g., O,,
N.0, CHy, 11,0, NO, NO,) arc unaffected by these difficultics.

Figure 1 a illustrates the agreement of ATMOS and ER-2
measurements of [CFC-11] with [N,0]. The horizontal axis
co~rc.spends to altitudes from the upper troposphere to --30
km. ATMOS measures [CFC- 11 | with estimated 16 precisions
(random errors) of better than 5% anti an accuracy (Systematic



uncettainty) Of 1 1%, anddeteets {NoO} with 16 precisions and
accuracies of 5% cach. ATMOS makes a priori estimates O f
p1 ecision during cach VMR retrieval from considerations such
as residual errors inthe fitting of spectia; systematic
uncertainties are determined by combining uncertaintics in
the spectroscopic band intensities [Brown ct al,, 1996} with
those related to the tangent pressure assignment. More details
011 ATMOS accuracies and precisions arc presented in Abrams
cr d. [1996). Tbc mean difference in [CFC-1 1] measured by
ATMOSand the 1R-2 is -1414. (1 1ppty of[(1:i~-11 ] at [N,0] -
300 ppbv), well within the uncertainties of the measurements,
with no apparent dependence on [N20] (throughout, - biases
are computed as [ATMOS ER2] / ATMOS). Correlations of
[CFC- 12] with [N,0] arc shown io Fig. Ib. ATMOS measures
{CFC-12] withato accuracy of 9% and estimated precisions
of better than 50/, In mean, good agrecmentis obtained in
|CFC- 12] between the ATMOS and ER-2, with differences
ranging from + 5% (113 pptv of [CFC-12}]) at [N,O] - 170
ppbv to-6% (-26 pptv of [CFC-12]) at [NyO]: 280 ppbv
Figure tc compares observations of [CCl,] vs [N;O)
A 1 MOS measures [CC1,] with a 16 accuracy of 20% and
cstimated precisions of better than 10°/0, The ATMOS values of
|CCl4] ac 15% higher (20 ppty of [CCly) at [N2OJ= 300 ppbv)
compared O the insitu data. ATMOS retrieves [CCla) using
the Vi, v 4V, bandhcadat 796 ecm™!, with temperature-
dependent absorption cross-sections and band intensities
fiom Orlando ct a. [1992]. The deviation of the ATMOS
measurements is consistent with the estimated uncertainty in
the bandstrength, whose repor ted value var ics considerably in
the literature [Brownet al., 1996]. Figureld shows
comparisons of [SF¢) with[N2O]. ATMOS measures [SFg), @
good indicator of theage of stratospheric aitowing to its long
photochemical lifetime and knows tropospheric growth rate,
with a accuracy of 1 1 % and cstimated 16 piccisions of -1 0%.
The ATMOS data are onaverage 5% higher (0.16 pptv of [SFe)
at [N, O] = 300 ppbv) than the in silo observations,
demonstrating exeellent agreement over a wide range of [NO).

Inorganic Chlorine

‘1 he coincidence between ATMOS and ER-2 measurements
mNov 1994 provides a test of our understanding of the
partitioning o f inorganic chlorine (CI ) at mid-latitudes.
ATMOS measures [11('1] and [CIONQO,], which are the dominant
forms of Clyinthelower stratosphere forair unaffected by
polar stratospheric clouds. Instruments aboard the lii<-2
observe [HCI] and [C10O], the latter being the reactive form of
Cl, that photochemically removes ozone. Although ATMOS
observes [11( 1} and [C1O NO; ] using diffeient optical filters
and thus never in the same  oceul tation, constituents such as
04 and N, O measured in multiple filters provide a framework
forcombining obscivations from nearby occultations.

Measured correlations of [HC1) vs {N2OJ are shown in Fig,
2a. ATMOS observes [1IC1) in Filter 3 with a 1o accuracy of 5%
and estimated precisions of better than so/o at altitudes above
S() mbar, degrading to 1 5% at 150 mbar. The Al 1AS (Aircraft
l.aset infrared Absorption Spectrometer) diode lascr
instrument provides in situ observations of [HCl]using
transitions in tbc same spectral band used by ATMOS
[Websteretal,, 1996]. For the Nov 1994 flights, Al JJAS reports
[11( 1] a 6 minute intervals with a 1o precision of 0.07 ppbv
(eg., S% a 1.5ppbv, 20% at 0.3S ppbv) aod anaccuracy of

5% Far {HCI > ] ppby, the Al TAS observations are 12 % lower
(0.2 ppbv of [HICH]) than the 1R-2 data, but the measurements
agree within their combined uncertainties. For {HCIJ< 1 ppby,
the Al .TAS mixing ratios arc lower by 40% (0.4 ppbv of [HCI)),
although the upperrange of variability of tbc LR-? data
overlaps the ATMOS data . Al 1AS observations of [11( 1] at a
given {N;O] during Nov 1994 were ~60% highci than scen by
ALIAS in May 1993, when NHmid-latitude [HCI)/[C],] ratios
were observed to bc -0.4, compared to model caculations of
~0.7 [Webster etal,, 1994). This evolution o f [HCI/[CIy]
sampled by the ER-2 appears correlated with decreasing
sulfate aerosol loading [Webster et al., in preparation].

The cort clations of [CJIONO,] vs [NoO]measured by ATMOS
andinferred from ER-2 measurements arc shown in Fig. 2b.
ATMOS detects [CIONO?] with a accuracy of 20% and
estimated Jo precisions of 10-2000. The peak mixing ratio of
CIONO; equals 0.9 ppbv and occurs at -26 km altitude ([N,O]

I 20 ppbv), leading to a maximum of --0. S for the
[CTONOR V11N ratio. Although in situ measurements of
[(10 NO2]have never been obtained, [(10NO,] can beinferred
from noon-time measurements of [C1O], [NOJ, and [Ox}, using
the steady-state expressions [Kawa ct a., 1992],

. : 051 [M
[( ’10NOZ] * w001 :_k(,l();N()ﬁM[( lO][NUz][ ] "
Jciono,

k +1+ knosciolClO]
INO,* = [NO) SNO+ Oy [(+] NO+ ciol
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where * denotes aninferred quantity and [] in these equations
refers to concentration (measurements of [NO,] on the ER-2
are unavailable for the flights under consideration).
Photolysis rates for CIONO,and NO,arc computed using a
radiative transfer mode] constrained by planctary reficctivity
fi om the T otal Ozone Mapping Spectrometet (*J OMS) and
vertical pro files of O3 derived by combining in situ
observations with total column measurements from ‘1 OMS
[Salawitchetal., 1994]. A-l MOS measurements are obtained at
sunset, where models indicate [( '10NO,] shouid fall midway
between values at noon and night. Figure2b shows
[CIONO,}* (sunsct) inferred for tbe ER-2, caleulated from in
situ measurements of {CIO], [NO], anti [0,] obtained within2 2
Il of Jocal noon using Eqns. 1, 2 and [CIONO,1* (sunset)
[CIONO,)* (noen) + 0.5 [C1O] (noon). The lo uncertainty in
[CTONO,]* estimated from the propagation of crrorsin the
kinctic parameters and observed (quantities is 390% [Kawa et
al, 1992]. For [N;O] < 250 ppbv, the A-i h40S measurements of
{CTONO3 ] and values inferred from the in situ data are 00
average withind 10°/0 (¢ 0.04 ppbv of [CTONO,)). Systematic
discrepancics of -}45°/. ( 1(.06 ppbv of [CIIONO;]) arc
exhibited at higher values of [N,0], where the factional
uncer tainties in [CTONO,] incasured by ATM OS become large
due to its decreasing  abundance.

Figure 2c compares [Cl,]} vs [N2O]from AT h40S anti ER-2
data. The ATMOS values of [Cl,] were constructed by
summing the measured {HCl]and [( 10 NO,], averaged on a 10
ppbv wide grid of [N,0], with [C10] calculated for sunsct
using the assumptions for 'Model C' described below. The liiL-
2 values of [Cl,] were determined by averaging and summing,
on we same [N,O] g1id, measurements of [HCI], [C10NGQ,] *
(noon), and [C10] collected within 42 hr of local noon. The
contribution of [ClO]to [(I ,] is less than 50/0 for all cases
considered here, Observations [Zanderet al., 1996] and



photochemicnl simulations indicate thatother gases, such as
110( '1, contribute negligibly to [Cly)atthese altitudes.

Figore 2¢ inchides another estimate of inorganic chiorine,
denoted here as [Cly]11 | determined by subtracting total
organic chlorine measured by ACATS and the Whole A iy
Samplerduring the 1992 ER-2 campaign from tbc total
organic chlorine loading in the troposphere [Woodbridge et
a., 1995]. The[Cl,)T refation shown here bas been increased
by 6.7% relative to tbc published relation of Woodbridge cl
al. to account for changes instratospheric chlorine between
1992 and Nov 1994 [Zander ct a., 1996]. ATMOS[Cl,] arc on
averape 0.25 ppbv lower than levels predicted from insitu
measurements of organic source gases for [N,0] >180 ppbyv,
with better agreement at lower [NoOl.Inferred[Cl,] from the
ER-2 arc onaverage 0.58 ppbv lower than [Cl] The smaller
abundance of [Cly] from the in sito measurements of inorganic
chlorine compared to [Cl,]from ATMOS is due to lower
values of [11( '1] that arc notbalanced by higher [CIONQO;]*.
Trajectory calculations indicate thatair parcels along these
ER-2 flights have recently undergone large excursions in
temperature (- 1S K) and latitude (~ 15) [P. Newman, private
communication, 1996]. 1 lowever,our model simulations show
tbc partitioning of [HCH and [CIONO,] is insensitive to
changes in temperature and latitude expericnced along these
trajectories, provided precursor (i, c., Cly, NOy, 1,0, 03)levels
remain unchanged. It is unlikely that thc ar sampled by
ATMOS and tbc ER-2 could have large differences in [Cly] for
thc same [N,O], given the similar ity of source gases displayed
in Fig. 1. The cause of tbc discrepancy between ATMOS and
ER-2 measurements of [HCI] remains unclear.

Photochemical simulations [Salawitch ct al., 1994;
Michelsen et al., 1996] arc used to test our under standing of
partitioning of inorganic chlorine gases. Themodel is
constrained 10 match calculated [11( ‘171 {CIONO,] to the sum
measured by ATMOS. Two sets of kinetic paramecters are
considercd:the first uses reaction rate constants and
photolytic cross sections from tbc JPPl, 1994 compilation
[DeMoreet a., 1994] and a O% HC! yield from the reaction
C101011; thesecond ('Model C' of Michelsenet a. [ 1996])
incorporates several changes of which tbc most significant
with respect to partitioning of [CIONO,) and [HICI] is an
assumed 7% yield of 1 1CI from tbc reaction ClO+t 011. The
sensitivity of mode] results to each kinetic paramcter is
discussed in Michelsen et al. [ 1996].

Modelresults for [11( '1] and[CIONQO,) at loca sunsetare
compared with ATMQOS obsci vat jons in Figs. 2a and 2b. For
[N,O]>200 ppbv, both models predict similarlevels of[11(° 1]
and are consistent With tbc partitioning of [C10 NO3] and
[11( '1] obscrved by ATMOS. At lower levels of [N, O], the
model allowing for production of HCI from ClOt OHresultsin
better agreement with the ATMOS data. Figure 2d shows a
comparison of [CIO] calculated subject to constraints
imposcd by thc A1 MOS data, but coil-cspotlding to mid-
afternoon solar conditions sampled by the ER-2, where in situ
measurcments of [ClO] arc obtained with alo accuracy crf 15%
[Stimpfle et al., 1994], Although botb modcls overcstimate
[C1O] fo1 [N,O] < 240 ppbv, data for [CIO] agree more closely
with the mode] that allows fcrr production of HCIfrom
CIO0IL

The decade-long record of ATMOS observations of organic
and inorganic chlorine allows quantification of distiibutions
and trends for gases that arc precursors of ozone destroying

tadic als and significant contributors to gre enihouse warming
[Zanderet al., 1996]. ATMOS mcasurements provide a sclf-
consistent picture of the organic and inorganic chlorine
budgets and, together with in situ data, provide valuable
constraints on our understanding of chlonine chemistry and
the effects of industrially derived chlorine compounds on
0z70Nc.
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Figure Captions

Figure 1. Correlations of [(1(-1 1], [CFC-12),1CCl], and
[SFg) VS [N,0] measured by ATMOS and instruments aboard
the ER-2 aircraft: [N, O] (AT1.AS), Locwenstein et al ; [CFC-
11, [CFC-12], [CCly], and [S? 6] (ACAT S-1V), Elkins ¢t a).
ATMOS error bar-s reflect estimated precision; systematic
uncertaintics arc discussed in the text,

Figure 2. Corlclationsof[11(3], [CIONO,] or [CIONOG,]*,[CL)
, [TICI]4[CIONO,]1 [(10], and [C10] vs [N,O} from ATMOS
and ER-2 measurements: [NQO] (A TLA S), Locwenstein ctal,;
[HCH] (ALIAS), Webster et al.; [CIO], Stimpfle ot al. ER-2
[CTONO,]* is inferred for sunset from noontime [('10], [NO]
(Faheyet @), and [0,] (Proffittet a). ATMOS[C),] includes
calculated [ClO}. ATMOS crror bars reflect estimated
precision, except for the third panel, where ATMOS and ER-2
crrorbars represent the standmd deviation of the components
of [( ’1Y], averaged ovetequally spaced intervals of [N,O].
JPL94[DeMore et d. ] and Model C[Michelsen et a ] assume
yields of 0% and 7%, respectively, for HClHfrom ("10 1 OIL

Figure. Correlations of [CFC-11], [CFC-12], [CCly], and [SF¢] vs [N,O] measured by ATMOS and instruments aboard the ER-2
aireraft: [N,0] (AT1. Ag), Loewenstein et a ; [CFC-11], [CFC-12], [¢(11], and[SF] (A CATS-1V), Elkins et al. A’] MOS crvor bars
reflect estimated precision; Systematic uncet taintics arc discussed in the text.

figwe 2. Corrclations of PICH, [CIONO,]or 1 10N02]°, [C1] [11C 1] ([CIONO,H[CI0), and [C10] vs [N,O] fiom A-l MOS and
ER-2 measurements: [N,0] (All .AS), Locwensteinet a.; [11(1] (Al JAS), Webster et al,; [("10], Stimpfle et d. iii{-2 {CIONO;]* is
inferred for sunset from noontime [C10), [NO] (Fahey et al), and [o3,(Proffitt et a). ATMOS[Cl,] includes calculated [CIO].
ATMOS crrotbars reflect estimated precision, except for the third pancl, where ATMOS and ER-2 crror bars represent the standard
deviation of tbc components of [Cl,]), averaged over equally spacedintervals of [N,O]. JPE94{DeMore et a. ] andModel C
[Michelsenet a.] assume yields of O% and 7%, respectively, for HCHrom CIO HO1.
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